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Hydrogen segregation to vacancies in the surface and subsurface layers of (111) and (100) surfaces
of Pd is studied in the density functional theory (DFT) approach. Adsorption energies and configu-
rations of various clusters of H atoms at the vacancies are calculated. The adsorption energy varies
for different sites in the vacancies with the distance to the surface from -0.26 eV (close to that of
the bulk clusters) to -0.62 eV. Enhanced binding is found for the sites above the pores produced by
vacancies in the subsurface layer. For the (111) surface vacancy the most favorable for segregation
are tetrahedral lattice sites, while for (100) octa-sites have higher binding energy. Lattice relaxation
effects are minor for the (111) surface but noticeably enhanced for the (100) surface. Hydrogen seg-
regation to surface layer vacancies is accompanied with minimal charge transfer, which shows itself
in cluster configurations. At high surface coverage the reduction of the cluster formation energy
due to the H segregation should result in strongly enlarged concentration of the subsurface vacancy
clusters, while the surface remains undamaged due to the prevailing surface adsorption.
I. INTRODUCTION
Interaction of hydrogen with metal surfaces is of major
importance and the topic of active experimental studies
for at least two decades. It is due to the major influ-
ence of H on the metal mechanical properties (causing
embrittlement) and on chemical properties of the surface
and its catalytic activity [1–3]. Besides, it is of interest
for producing materials for H storage and H transparent
membranes [4, 5].
Adsorption of hydrogen on differently oriented surfaces
of the face-centered cubic (fcc) transition metals like Cu,
Pd and Ni is well studied both experimentally (using var-
ious techniques) and theoretically mainly by DFT calcu-
lations. A comprehensive review of the results can be
found in [3, 6]. The main result is that the binding en-
ergy to all low-index surfaces ranges from 2.3 eV for Au
to 3.3 eV for V and is close to 3 eV for Re, Rh, Pd, Ni,
and Co. For evaluation of the equilibrium concentration
of H at the surface, one should compare this energy with
the binding energy of the hydrogen molecule, which is
known to be 4.75 eV, or 2.375 eV per atom. The result-
ing H adsorption energy for most metals is close to -0.5 eV
(here minus reflects binding). Thus, (i) hydrogen binds
to the surface from a molecular phase with dissociation
into atomic phase resulting in high coverage of the sur-
face with H atoms at rather low H2 ambient pressure; (2)
for moderate values of binding energy it can be desorbed
at elevated temperature, which is important for catalytic
activity; (3) the adsorbed hydrogen can serve as a source
for further penetration into metal to the available oc-
tahedral and tetrahedral lattice sites. Penetration of H
atoms into bulk interstitial sites generates lattice defects
that have rather small formation energy [7, 8] which con-
trols the solubility of H in the metal. The substitution of
metal atoms by H requires larger energy and therefore is
improbable. Both processes involve H thermoactivation
over a barrier (or thermoactivated tunneling through a
barrier) of about 0.5 eV or higher. This makes the H load-
ing rate rather low even at high ambient temperature and
pressure [1, 10]. Electrochemical insertion proved to be
more effective, but it creates surface defects that alters
the loading mechanism [11].
Previous DFT calculations [7, 8, 13, 14, 16] showed
that the formation energy for the H atom in a Pd inter-
stitial octahedral site is around -0.11 eV, so that penetra-
tion of H to these sites is a favorable process. This unique
property of Pd (negative solution energy for H atoms) re-
sult in very high H solubility in a metallic phase. The
activation energy for H to enter into the subsurface layer
is 0.4 eV, and 0.3 eV for entering the second subsurface
layer, while the activation energy for the bulk diffusion
is only 0.23 eV [6]. Therefore the kinetics of Pd charging
with H is controlled by the escape rate from the surface
into the bulk. At high loading there are competing pro-
cesses: (i) formation of the PdHx hydride phase, and (ii)
generation of extra vacancies with fast hydrogen segre-
gation at them and further ordering in approaching the
equilibrium state. Energy gain in the binding of several
H atoms compensates the system energy loss in the va-
cancy generation. As a result superabundant vacancy
(SAV) phases, (e.g. Pd3VacH4) can emerge [17–20].
In addition to the numerous experimental studies and
DFT modeling of energetics of H interaction with low
index surfaces of Pd (see the reviews [3, 6] for the ref-
erences), and equally comprehensive studies of H inter-
action with vacancies in the metal bulk [7, 8, 13, 14]
and thermodynamics of the SAV state [1, 19, 21], the
advances in ab-initio molecular dynamics (AIMD) made
possible investigation of kinetics of H2 adsorption on
clean and pre-covered Pd low-index surfaces [22].
These studies showed that the H2 dissociative adsorp-
tion processes is sensitive to the Pd surface ”poisoning”,
including the surface coverage by the adsorbed H atoms:
in the so-called ”site blocking picture” for the H2 disso-
ciative adsorption at least the two adjacent empty sites
on the H populated surface should be available. However,
the experimental studies of the Pd (111) surface by the
scanning tunneling microscope [23] demonstrated that
the divacancy type of pairs at the H covered surface re-
main inactive and more complex structures that include
at least 3 surface vacancies are most active in adsorption-
desorption processes. Such structures are easily formed
due to a rapid H vacancy diffusion at the surface.
Further AIMD modeling [24] showed a more complex
picture that suggests the competition of several mech-
anisms, including the H2 dissociative adsorption at the
single vacancy in the H overlayer with filling the bridge
site on the Pd(100) surface.
Note that the native defects on the nominally clean
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2surface such as steps, adatoms, and vacancies can mod-
ify both the kinetics and the thermodynamics of Pd hy-
drogen absorption acting like active sites or the H traps.
The detailed information about these processes is im-
portant for interpretation of the properties of attainable
surfaces, experimental studies of spectra of temperature
programmed desorption, for engineering catalytic prop-
erties of Pd and so on.
The formation energy of a single vacancy on the metal
surface is considerably smaller than for the bulk [25],
which should facilitate formation of clusters of hydro-
gen segregated at these vacancies. The H insertion en-
ergy into the subsurface layers also depends on the dis-
tance from the surface, so the H binding to a vacancy
becomes dependent on the H position relative to the sur-
face. These factors show themselves in the mechanisms
of H penetration from the surface into bulk. In addition,
the lattice relaxation effects at the surface are much more
pronounced and influence both the vacancy formation, H
interstitial state and H segregation to the vacancies.
Here we report the studies of the H interaction with
vacancies in the surface and subsurface layers in Pd us-
ing density functional theory (DFT) modeling. We show
that the subsurface vacancies should be important for H
charging kinetics and SAV state formation.
II. METHODS
A. Computational Details
Calculations were performed using Quantum Espresso
(QE) [26] ab-initio simulation package with the gen-
eralized gradient approximation (PBE version [27]) for
exchange-correlation functional. We used ultrasoft pseu-
dopotentials [28] for both Pd and H atoms. For these
calculations one has to start with the choice of suitable
supercells for (111) and (100) surfaces, that enables the
studies of these effects with reliable accuracy.
The effects at the surface were modeled using a pe-
riodic structure with a supercell consisting of a metal-
lic slab separated from its periodic images by a vacuum
layer of a thickness of ≈ 15 A˚. For calculations of the
surface and subsurface vacancies and also nH-V clusters
(with n=1, 2,...,nmax), 4-layer structures with a 36-atom
supercell for (111) surface (see Fig. 1 and a note [29])
and a supercell with 32 atoms in a cell for (100) surface
(shown in Fig. 2) were used. One missing atom in the
surface layer of the 8-atom cell for the (100) and of the
9-atom cell for the (111) surface resulted in 1/8 (or 1/9)
surface coverage by the defects. It is sufficient to elim-
inate the effects of interaction between the defects and
is smaller than the coverage used in the previous stud-
ies [14, 16, 30]. A k-point Monkhorst-Pack grid 8x8x1 is
known to be adequate for the selected supercells [25, 31]
which was checked in the surface energy calculations. To
estimate convergence of the surface energy we used super-
cells with 4 atoms at the surface and an increasing num-
ber of layers in the slab from 4 to 10 and then compared
the results with that of the 4-layered 32-at and 36-at su-
percells. The variations within 10 meV were considered
to be satisfactory.
In calculations of bulk parameters we used the 27-at,
32-at and 108-at supercells without the vacuum layer and
a 16384 k point × atoms mesh. The cutoff energies were
chosen to obtain the accuracy of energy scaling to be
within 2 meV/atom when going from 4-at to a 27-at, to
a 32-at, and further to a 108-at supercell. Plane-wave
cutoff energy was set at 30 Ry and the energy cutoff
for the electron density was maintained at 360 Ry, which
provided convergence of the results for the ultrasoft pseu-
dopotentials. The Marzari-Vanderbilt [32] smearing was
used with the smearing energy set at 0.l eV.
The most critical issue in comparing various configura-
tions of segregated H atoms at the vacancies is achieving
close to total lattice relaxation in the final state. There-
fore lattice relaxation to equilibrium was reached when
the forces on each atom were below 5 meV/A˚. The esti-
mated accuracy of the results (≈ 0.1 eV ) is close to that
of the Refs. [3, 6, 7], see [33].
To ensure reliability of the results, we have calculated
the fcc lattice parameter (a = 3.93 A˚), bulk elastic mod-
ulus, the cohesion energy and vacancy formation energy
of Pd [33]. Good agreement with previously published
results indicates the relevance of the DFT calculation
parameters.
Obtained values for the vacancy formation energy
EfPBE(V )= 1.2 eV (PBE) and E
f
PZ(V )=1.44 eV (LDA)
are close to the calculated GGA and LDA values from
Refs. [7, 13] (see [33]). It is known that for most met-
als GGA approximation gives the vacancy energy values
smaller than experimentally observed (≈ 1.5-1.7 eV) and
smaller than that obtained using LDA approximation.
The discrepancy is due to the shortcomings of both GGA
and LDA in accounting for the large variation of the elec-
tron densities inside vacancies. They can be minimized
using empirical correction for the internal surface energy
of the vacancies [34, 35].
The other approach would be to use more sophisti-
cated modern exchange-correlation functionals designed
for more accurate evaluation of surface effects, such as
PBEsol with the first-principles gradient expansion for
exchange energy [36] or HSEsol with further modified de-
scription of the short-range exchange energy [37]. Even
more promising is the use of meta-GGA functionals with
the improved account for the density of electron orbital
kinetic energy [38, 39]. Comparison of calculations of
basic Pd parameters for PZ,PBE, and PBE-sol function-
als and corresponding US pseudopotentials as well as the
results for the TPSS meta-GGA functional from Refs.
[39, 40] is given in [33].
We have found that PBE approximation gives satisfac-
tory results for the surface energy and H binding energy
to the surface, in line with the former results, see be-
low. LDA approximation strongly overestimates hydro-
gen binding energy to the vacancies (in agreement with
former observations for the surface binding [3, 30] and
binding to the bulk vacancies [35]). Therefore here we
present the results obtained with PBE functional. The
main results were further checked using PBE-sol func-
tional and US pseudopotential, they are marked as R(s)
or noted separately.
As we are primarily interested in variation of H bind-
ing to the vacancies with the vacancy layer depth and
3the H ambient concentration, we have not implemented
posterior corrections to the vacancy formation energies.
Hydrogen adsorption energy Eabs from a gaseous phase
is calculated through a difference between the energy of
a slab supercell with an adsorbed H atom Eslab(Nsc,H)
and the energy of the slab without the adsorbent Eslab
as [30]
Eabs = Eslab(Nsc,H)− Eslab(Nsc)− 1/2E(H2) (1)
where E(H2) is the energy of a free H2 molecule. This
energy is calculated in QE as an energy per cell in a
crystal of H2 molecules with a very large lattice constant
(10 -15 A˚). Similar equations are applied for evaluation
of the solution energy to octahedral and tetrahedral sites
in the bulk, and for calculation of the H adsorption to
vacancies.
Also of interest is the hydrogen binding energy
Eb(V;nH) in a cluster with n H-atoms segregated to a
vacancy V. It can be evaluated through the total energy
of four different supercells with N -sites: (i) with no de-
fects, Et(N), (ii) with interstitial H, Et(N,H), (iii) with
a vacancy Et(N − 1) and (iv) with both vacancy and n
segregated H atoms, Et(N,nH), using the following for-
mula [41] :
Eb(V;nH) = Et(N − 1, nH)− Et(N − 1) (2)
−n[Et(N,H)− Et(N)]
According to Eq. (2) the binding energy can be viewed
as a difference between the energies of absorption of hy-
drogen atoms to the positions in a vacancy cluster and
absorption to an interstitial site. It can also be consid-
ered as an infinite separation energy (ISE), i.e., a differ-
ence between the energy of the decorated vacancy cluster
and n bulk Pd cells and the energy of the ”infinite sep-
aration” state of n cells with an interstitial H atom and
a cell with a vacancy defect [41]. One can apply the ISE
approach, i.e. Eq. (2), for a cluster at the surface or
subsurface layer, inserting calculated energies for a slab
of finite thickness. Note that Eq. (1) is also based on
the ISE calculation, and that listed in [6] the H binding
energies to the surface for various metals are the ISE’s
relative to the energy of atomic hydrogen.
For an interstitial H atom starting from the third layer
the insertion energy (in the square bracket of Eq. (2)) is
very close to that of the bulk, and we will not consider
the difference between the H binding to a surface vacancy
from the bulk and binding from the layers close to the
surface.
Calculation of insertion energy to the Pd bulk gives
Ei,b = −0.11 eV for octa- sites and -0.09 eV for the
tetra-sites including zero-point energy corrections [33].
Therefore, in our calculations the binding (or segrega-
tion) energy for a nH-Vi, i = s, ss, b cluster is smaller
than adsorption (or absorption) energy by -0.11 eV. Be-
low we present the results for absorption energy, which
also reflects H segregation from the bulk Pd.
At low external pressure and temperature T=0 the
DFT-calculated adsorption and absorption energies using
Eq. (1) coincide with the defect formation energies. The
equilibrium concentration of the defects (including con-
centration of various nH-Vs and nH-Vss clusters with n=
0, 1, 2, .. nmax) at a given temperature and pressure de-
pends on the enthalpy of the defect formation Hif (P, T ),
which includes the terms with the equilibrium chemical
potentials [7, 21]. It can be written as
Hif = E
i
f −∆niPdµPd −∆niHµH(P, T ) (3)
Here Eif is the defect formation energy, index i labels
the sort of the defect, ∆ni is the change in the number of
atoms in the defect, including H atoms segregated at the
surface, for which ∆niPd = 0, and n
i
H=1. For a vacancy
∆niPd = −1, and µH(P, T ) and µPd(P, T ) are the H and
Pd chemical potentials; for nH-Vi clusters ∆n
i
H = n.
For the surface layer in equilibrium to the crystal bulk
the variation of µPd(P, T ) is negligible and µPd(P, T ) ≈
Epa where Epa is the total (negative) energy of Pd
crystal (i.e. supercell) per Pd atom. For the hydro-
gen µH(P, T )=1/2µH2(P, T ). In H2 gaseous atmosphere
µH2(P, T ) can vary in a range of about 1 eV, from nega-
tive values to positive; tables for µH2(P, T ) can be found
in [1]. For gaseous phase µH2(P, T ) can be written as
µH2(P, T ) = µH2(P0, T ) + kBT ln
P
P0
(4)
Here µH2(P0, T ) is the chemical potential of H2 at a pres-
sure P0. It includes the contribution of ideal-gas entropy,
and contributions from rotations and vibrations of the H2
molecule. At T = T0=300 K and P0=1 bar µH2(P0, T0)=-
0.31 eV. The last term in Eq. (4) shows the variation of
µH2(P, T ) with pressure at a temperature T .
Concentration of different defects can be found from
the minimum of the Gibbs energy of the system with
respect to the number of particles in various positions
[42–44]. The resulting distributions depend on the ra-
tios Hif/(kBT ) and resemble Fermi-Dirac statistics: the
occupation of the available lattice (or surface) sites is ex-
ponentially small at Hif >> kBT and approaches unity
when the formation enthalpy becomes negative (e.g. due
to H segregation). Correct occupation numbers in this
limit should take into account interaction between the
defects which will modify the equation for the defect for-
mation enthalpy.
B. Properties of (111) and (100) surfaces of Pd
Results of the calculations of the Pd surface proper-
ties are summarized in the Table I, together with ex-
perimental data and the results of previous calculations.
As one can observe, (i) calculated surface and vacancy
energies are underestimated in GGA and overestimated
in LDA (PZ) approximation, (ii) obtained results are in
close agreement with former DFT calculation results but
differ from the embedded atom theory (EAT) results of
[46]. The most notable difference is the EAT prediction of
enlarged formation energy for subsurface vacancies, while
DFT calculations give a smooth increase of the vacancy
formation energy with the distance from the surface. We
are unaware of experimental studies of this effect.
One can observe that: (i) the formation energies ob-
tained using LDA approximation are regularly somewhat
higher than that obtained with PBE functional; (ii) the
4TABLE I: Surface energies σ, and vacancy formation energies for surface, Ev,s, subsurface, Ev,ss vacancies (in eV) at clean
low-index Pd surfaces, and Ev,b for the bulk Pd, calculated using GGA (PBE, PBE-sol) and LDA (PZ) functionals and ultrasoft
pseudo-potentials; also shown are results of experiments [45]a, [47]b, [48]c and previous calculations[31]d, [25]e, [46]f ,[7]g,[13]h.
- (111) (100)
- PBE PBE-sol PZ exper others PBE PBE-sol PZ exper others
σ 0.58 0.67 0.72 0.82a 0.56d,0.68e 0.73 0.9 0.97 0.82a 0.74d
Ev,s 0.93 1.17 1.06 - 1.03
e, 0.78 f 0.61 0.67 0.72 - 0.57f
Ev,ss 1.22 1.27 1.36 - 1.24
e, 1.44f 1.2 1.25 1.32 - 1.44f
Ev,b 1.23 1.34 1.51 1.51
b,1.54c 1.2g, 1.37f , 1.44h
surface formation energy is lower for the (111) surface of
Pd while the surface vacancy formation energy is lower
for the (100) surface. The origin of these difference can
be interpreted in terms of the broken bonds between Pd
atoms in the creation of the defect. Qualitatively these
data should be compared to cohesive energy for the Pd
lattice which is 3.9 eV per atom, see [33]. Every Pd atom
has 12 nearest neighbors, which make the largest contri-
bution to the cohesive energy. In a (100) surface layer a
surface atom has 4 nearest neighbors missing (compared
to the bulk), in a (111) surface a surface atom loses 3
nearest neighbors. Therefore the surface energy should
be larger for the (100) surface, which correlates well with
the results presented in Table I. Using the same argu-
ments one can interpret the difference in creating bulk
and surface vacancies through the ratio of broken bonds
(the surface vacancy formation energy is expected to be
higher for a (111) surface). Consequently, one could ar-
gue that the difference between the vacancy creation en-
ergy in the subsurface layer and the bulk should be less
pronounced and should be attributed to elastic energy re-
laxation effects. Apparently, the lattice relaxation effects
are more important for the (100) surface (see below).
C. Adsorption of H on Pd surfaces
There are several high-symmetry sites on a clean sur-
face that are preferable for adsorption: at the top above a
Pd atom, at the ”bridge” between two nearest Pd atoms,
or ”hollow” sites above the center of a triangle of Pd
atoms at the (111) surface or above the center of a square
of Pd atoms on the (100) surface. It is known [6] that the
H2 molecule is dissociatively adsorbed at the Pd surface
at the ”hollow” sites from a low to high surface cover-
age. In all cases the most important parameters are the
adsorption energy and the distance δd between the ad-
sorbed atom and the Pd surface plane. The calculated
hydrogen adsorption energies on the (111) surface are
slightly different for two hollow adsorption sites. For fcc
sites (with Pd atom below H atom), Eabs,fcc=-0.57 eV;
for the hexagonal close packed lattice (hcp) sites, above
the tetrahedral pore between Pd atoms (see also Fig. 1),
Eabs,fcc=-0.55 eV. These values are very close to the val-
ues (Eabs,fcc=-0.6 eV, and Eabs,fcc= -0.56 eV) in Ref
[3] (without corrections on H ZPE energy at the surface,
that lowers these values). The distances δdfcc = 0.8 A˚ for
fcc site and δdhcp = 0.68 A˚, are close to former findings
[3, 6, 30]. The experimental data for adsorption energy
(from desorption experiments) give a smaller value, close
to -0.45 eV [9] and a very close distance δd = 0.8±0.1 A˚;
the deviation may be a result of the difference in coverage
and the lattice relaxation state.
For the (100) surface the calculated hydrogen adsorp-
tion energy is Eabs,(100)=-0.48 eV, close to the experi-
mental data Eabs,(100)=-0.47 eV [14], while the estimated
distance to the surface is δd = 0.4 A˚.
Thus, the reliability of our calculations is confirmed
by comparison with available data of former publications
[25, 31, 46] both for the bulk and surface properties as
well as the data for H insertion and binding to vacancies
in the bulk [7, 8, 10].
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FIG. 1: Segregation of hydrogen atoms (small dark balls)
to the surface vacancy in Pd (111) surface. Surface layer is
shown by blue balls, subsurface atoms are light-blue; the next
layer atoms are painted gray. The surface unit cell is shown by
the dashed line. H atoms above the second layer (panel a) are
at tetrahedral sites of Pd lattice (below ”hollow” hcp sites of
the surface); the central H atom is at the bottom tetrahedral
site, atoms above the third layer (panel b) are at octahedral
sites, below fcc sites at the surface.
5TABLE II: Adsorption energies (in eV) and distances from
the surface atomic layer in units of inter-layer distance l =
a/
√
3 for H to surface vacancy clusters nH-Vs at Pd (111)
surface and 1/9 coverage.
n positions Etot Eav δdtop δdbot
1 bot -0.34 -0.34 - 0.65
3 tetra -1.37 -0.46 0.17 -
3 octa -1.07 -0.36 0.33 -
4 tetra bot -1.44 -0.36 3 x 0.15 0.77
III. HYDROGEN SEGREGATION TO SURFACE
AND SUBSURFACE VACANCIES
A. H adsorption on surface and subsurface
vacancies at clean Pd surfaces
Now we discuss hydrogen segregation to various nH-
Vs and nH-Vss clusters with n=1, 2,..nmax calculated
within GGA approximation. There are numerous combi-
nations of sites available for segregation into the clusters.
In subsequent segregation the binding energy for a chosen
n depends on the site population. Similarly to H segrega-
tion to vacancies in the bulk Pd [7, 13] there is a repulsion
between segregated H atoms, that reduces the segrega-
tion energy of a pair of H atoms to the nearest sites,
so population of the opposing sites is preferable and the
subsequent segregation energy decreases with the popu-
lation of available sites. This repulsion is rather small
for the sites of one type (e.g. octa- or tetra-sites) but
eliminates configurations in which both types of sites are
occupied. The other factor is the distance from the site
to the surface layer. Here we present the results for the
symmetrical clusters with maximal population of equiv-
alent sites, which allows us to estimate the segregation
energy per H atom for the site of a given type.
We start with the surface and subsurface vacancies at
the Pd (111) surface. Total adsorption energies Etot and
the average adsorption energies Eav per H atom for ex-
emplary nH-Vs clusters are presented in Table II. Ad-
sorption energy to the bottom tetra-site of the surface
vacancy [see Fig. 1 (a)] is Es,bot= -0.34 eV, which is
close to Eabs,tet.bulk, consistent with the similar geome-
try of surrounding Pd atoms. The distance to the surface
δd = 0.65 l is somewhat smaller than the distance 0.75 l
from a tetrahedral site to a vacancy center (here l is the
distance between the atomic layers), reflecting lattice re-
laxation effects.
Segregation of 3 H atoms to 3 equivalent subsurface
tetrahedral sites gives the adsorption energy Es,tetra= -
0.46 eV per atom, which is smaller than for hcp sites at
the surface, but higher than that for the bottom state.
The distance from the surface layer to H atoms d = 0.17l
is also smaller than the distance 0.25l to the tetrahedral
sites. Population of 3 octahedral sites (see (b) panel of
Fig. 1) gives smaller adsorption energy per atom Es,octa=
-0.36 eV, with the distance to the surface δd = 0.33 l,
while initial distance is d = 0.5 l.
Finally, segregation of 4 H atoms to all available tetra-
hedral sites gives the average adsorption energy Es,tetra=
-0.361 eV, smaller than the sum of Etot for 1H-Vs and
3H-Vs clusters. Besides the position of the H atom at
the bottom is shifted below the tetrahedral site, and the
other 3 H atoms are shifted up, closer to the surface.
As seen from Table II the total adsorption energy for
3H-Vs and 4H-Vs clusters exceeds the surface vacancy
formation energy, so that these clusters should be sta-
ble and could initiate the formation of excessive nH-Vs
clusters in the thermal equilibrium state. However, the
occupation of tetra-sites by H atoms eliminates the pos-
sibility of H adsorption to the surface sites above them.
Therefore the total negative formation energy will be ob-
tained only in the case of the clean surface.
We also considered hydrogen segregation into nH-Vss
at the vacancy in the Pd (111) subsurface layer. The
results are presented in Table III. First, we note that in
addition to filling available tetrahedral and octahedral
sites, there is an adsorption site above the subsurface
vacancy site and above the surface, that we denote as
a ”pore” state in the Table III. This state has the ad-
sorption energy Ess,pore= -0.52 eV, 20 meV less than
for the initial hcp ”hollow” state (see Table I), and is
shifted by the same distance d = 0.8 A˚ above the surface.
Absorption energy calculated using PBE-sol functional
(shown in parentheses) give a somewhat smaller energy,
but again close to that for the initial hcp ”hollow” sites.
In addition, there are the sites available for segregation
as in the bulk, which are modified by the presence of the
surface. Among them though less modified is segregation
of H to a tetrahedral site at the bottom of the cluster.
The adsorption energy Ess,bot= -0.34 eV, is the same as
in 1H-Vs cluster as well as the distance to the vacancy
atomic layer.
Surprisingly, 4 H atoms segregated to tetrahedral sites
below the vacancy layer have unshifted distances to the
surface but lowered average adsorption energy. It is in-
creased in a 6H-Vss cluster with 3 atoms in tetra-sites
below the vacancy plane and 3 above this plane, see Ta-
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FIG. 2: (color online) Segregation of 5 hydrogen atoms (small
dark balls) to the surface vacancy in Pd (100) surface; surface
layer is shown by blue balls, subsurface atoms are light-blue;
atoms of the next layer are painted gray, dashed line shows
the surface cell. All H atoms are shifted from octahedral sites
of Pd lattice (4 ”hollow” sites of the surface and a bottom
site in the subsurface layer, see Table IV).
6TABLE III: Adsorption energies (in eV) for H to vacancy clusters nH-Vss in the subsurface layer at Pd (111) surface and 1/9
coverage, the distances to H sites from the surface layer δdtop and δdbot are in the units of interlayer separation l.
n positions Etot Eav δdtop δdbot
1 pore -0.52 (-0.47(s)) -0.52 (-0.47(s)) -0.33 -
1 tetra bot -0.34 -0.34 - 1.65
2 tetra up-bot -0.75 -0.37 0.33 1.66
4 tetra -0.98 -0.24 3x 1.25 1.8
6 octa-tetra -1.70 -0.28 3x 0.63 3x 1.29
8 tetra -2.04 -0.25 0.07, 3x0.63 3x1.28, 1x1.8
TABLE IV: Adsorption energies (in eV) for H to surface
vacancy clusters nH-Vs for a vacancy at Pd (100) surface at
1/8 coverage, and distances from H atoms to the surface layer
plane (in units of interlayer distance l = a/2).
n positions Etot Eav δdupp δdbot
1 octa-bot -0.33 -0.33 - 0.45
1 octa-side -0.47 -0.47 -0.02
2 octa -0.96 -0.48 0.0 -
3 2 octa, 1 bot -1.25 -0.42 -0.02 0.5
4 4 octa -1.98 -0.5 -0.03 -
4 4 tetra -0.99 -0.25 - 0.23
5 5 octa -2.22 -0.44 -0.02 0.54
ble III. For a cluster 8H-Vss with all occupied tetrahedral
sites the average adsorption energy is Ess,avr= -0.25 eV.
A similar decrease of the average segregation energy with
the increase of the number of segregated H atoms was
found for the bulk vacancies in Pd [7]. Again, impor-
tantly, the subsurface vacancy creation energy is lower
than for the bulk, and the total segregation energy starts
to exceed it for n ≥ 5; so that clusters with a high num-
ber of H atoms can be easily accumulated in equilibrium
conditions.
Atomic structure of the surface and subsurface layers
near a vacancy at the Pd (100) surface is shown (for
the case of the 5H-Vs cluster) in Fig. 2. Results of
calculations for nH-Vs clusters at the (100) surface are
presented in Table IV.
Adsorption energy to the bottom octahedral site at
the subsurface layer of the surface vacancy is Es,bot= -
0.33 eV, higher than for a vacancy in the bulk and close
to Eabs,tetra for the bulk vacancy. The position of the H
atom is shifted up to the surface by 0.05 l. Adsorption
energy of 1 H atom to the octahedral site close to the sur-
face layer Es,octa=-0.47 eV, are smaller than for ”hollow”
sites at the (100) surface, but still enlarged if compared
to subsurface binding or compared to that in the bulk.
For 2 H atoms at the surface sites close to the vacancy the
adsorption energy is further enlarged. In the case of 2 H
atoms at the surface sites and one at the vacancy bottom
the total adsorption energy is only 43 meV smaller than
the sum of the energies for 1 bottom H and a pair at the
surface, so the repulsion between segregated H atoms at
the surface vacancy is quite weak. The same conclusion
can be drawn comparing the binding energies for 5 segre-
gated H atoms and 4 H atoms (the difference is slightly
smaller than the adsorption energy for the bottom site).
The adsorption energies of 4 H atoms to tetrahedral sites
below the surface layer appeared to be smaller than for
the bottom octahedral site and for the bulk, apparently
due to repulsion between the H atoms.
The electronic density distribution for 3H-Vs cluster
with 1 H at the bottom and 2 H atoms in the opposing
octa sites at the surface in a plane of segregated H atoms
is shown in Fig. 3. While the H state at the vacancy
bottom is similar to that in the vacancy in the bulk, the
surface layer H atoms are placed in the region of small
electronic density and move closer to the Pd atoms which
results in higher binding energy.
The lattice relaxation effects manifest themselves in
the positions of the segregated H atoms in the surface
layer, see Figs. 2, 3 for the 5H-Vs and 3H-Vs clusters.
For both clusters one can observe the shift of H surface
atoms out from the vacancy and the shift of surrounding
Pd atoms to the vacancy, while the bottom H atom is
slightly shifted below the subsurface layer. The shift of
Pd atoms to the surface vacancy in the absence of the
segregated H atoms is 2 times smaller.
The results for the vacancy in the subsurface plane of
the (100) surface are presented in Table V. Shown are
the total adsorption energy, Etot, in eV, the average ad-
sorption energy Eav per atom, and the distances δdupp,
δdbot, between the adsorbed atoms in the upper and lower
(bottom) atomic layers and the surface plane of the Pd
crystal in units of a/2. Eneregies obtained using PBEsol
FIG. 3: Contour plot of the charge distribution in the plane of
segregated 3 H atoms for 3H-Vs cluster at Pd (100) surface;
one H atom is at a vacancy bottom octahedral site, 2 H are
at the surface ”hollow” sites nearest to the vacancy, as in
Fig 2. Color panel displays density values in atomic units
(1/au3=6.748 e/A˚3); contour line spacing is in log scale with
an increase by a factor of 2 to the next contour line. Gray
balls show Pd core regions, small blue balls correspond to H
atoms.
7TABLE V: Adsorption energies (in eV) for H to vacancy clusters nH-Vss for vacancy in the second layer at Pd (100) surface
and 1/8 coverage. Presented are total energy, average energy per atom and distances from H atoms to the surface layer plane
(in units of interlayer distance, a/2).
n positions Etot Eav δdupp δdbot
1 pore -0.72 (-0.62(s)) -0.72 (-0.62(s)) -0.11 -
1 bot -0.33 -0.33 2.12
2 pore-bot -1.00 (-0.86(s)) -0.50 (-0.43(s)) -0.12 2.12
2 octa -0.6 -0.3 0.88 -
3 2 octa, 1 bot -0.89 -0.29 2x 0.89 2.16
4 1 pore 2 octa, 1 bot -1.51 -0.38 -0.085, 0.45 2.16
5 4 octa, 1 bot -1.47 -0.29 0.44 1.05
6 1 pore 4 octa 1 bot -2.05 (-1.79(s)) 0.34 (-0.3(s)) -0.114, 0.88 2.16
8 8 tetra -2.16 -0.27 0.29 1.48
functional are shown in parantheses. As in the case of
the (111) surface, in addition to filling available tetrahe-
dral and octahedral sites, there is a segregation site above
the surface layer, shown as a pore state in the Table V.
This state has an enlarged adsorption energy Ess,pore=
-0.72 eV, compared to that for the ”hollow” site at the
(100) surface (-0.47 eV), and is shifted by a small dis-
tance δd = 0.2 A˚ above the surface plane. Calculations
using PBEsol functional gave a smaller value Ess,pore=
-0.62 eV, but still 0.15 eV larger than for the ”hollow”
site at the clean surface. The enlargement of the adsorp-
tion energy can be interpreted in terms of ”coordination
number” for the segregated H atoms. It was noticed in
[7, 14] that H binding energy is regularly enlarged for
the sites with a smaller coordination number, almost in-
versely proportional to it. So one could anticipate the
increase of adsorption energy up to -0.6 eV.
The adsorption energies for the sites below the sur-
face are much closer to the pattern for the surface va-
cancy, e.g., the adsorption energy for the octahedral bot-
tom state is Ess,bot= -0.33 eV, very close to that for the
surface vacancy. For segregation in the nH-Vss clusters
with n=2,4,6 H atoms, one of which is the pore state and
the second is at the vacancy bottom site, the adsorption
energy is close to a sum of separate contributions; the
positions of the H atoms at the pore site and the bot-
tom are unchanged. In all such clusters H at the pore
site acquires enlarged adsorption energy. Absorption en-
ergy for such clusters with 2 and 6 H atoms, calculated
using PBE-sol functional (shown in parentheses) give a
somewhat smaller, but still noticeably enlarged adsorp-
tion energy.
The segregation of H atoms among tetrahedral sites
results in a smaller average adsorption energy, see Table
V so that they will not be competitive in the subsequent
H segregation. The total adsorption energy for any nH-
Vss cluster with n ≥ 4 is higher than the subsurface
vacancy formation energy, so that these clusters should
be stable and will have high concentration in the thermal
equilibrium state.
The electron charge distribution for the 4H-Vss clus-
ter at the Pd (100) surface in the plane of segregated 4
H atoms is shown in Fig. 4 (a). Clearly seen is a dis-
placement of the bottom site H atom below the 3-rd layer
and the shift of subsurface atoms closer to the surface.
A displacement in the subsurface plane farther from the
vacancy site by 0.3 A˚ is also observed in the Fig. 4 (a).
For visual comparison we present the charge distribution
for 1 H atom adsorbed to a hollow site at the Pd (100)
surface, see Fig. 4 (b). One can observe smaller lattice
distortions and a closer placement of the H atom to the
Pd surface.
A charge density difference contour plots δρ =
ρ(31Pd + 4H)− ρ(31Pd)− ρ(4H) for the same structures
are presented in Fig. 4 (a),(b), lower panels. Charge
accumulation and charge depletion contours are drawn
from -0.1 to 0.1 e/A˚3 with an interval 0.01 e/A˚3. One
can observe a net charge transfer from the adjacent d-
orbitals of Pd to H atom, typical for H segregation in
transition metals. However, (i) for all adsorption sites
the charge transfer is at least 4 times smaller than for H
segregated at vacancies and divacancies in Ni [49] or ad-
sorbed at the Ni surface [50]; (ii) there is no preferential
depletion of dz2 orbitals as in Ni or in case of the Pd (210)
surface [14]. The main distinctive feature is a noticeably
higher charge transfer for the pore state H atom, than for
a hollow site of the Pd (100) surface. Apparently, this
contributes to the enlargement of the adsorption energy
for this state.
The elementary processes of H segregation to nH-Vs
and to nH-Vss clusters at free Pd surfaces considered
above can be observed only at low occupation of the sur-
face sites by H atoms, θ  1. According to Eqs. (3,4) it
corresponds to ES − µH2/2 > kBT , i.e. a large and neg-
ative µH2 or a low ambient H2 pressure [15, 51]. When
the amount of H on the surface is low, the vacancy con-
centration is exponentially small and does not change
with H pressure. The concentration of the nH-Vs clus-
ters with segregated H is even much smaller because of
much higher formation enthalpy.
B. Adsorption of H on surface and subsurface
vacancies at Pd surfaces covered with H monolayer
Comparison of the data of previous sections for ad-
sorption energies at the surface and at various cluster
sites shows higher values of adsorption energy to the sur-
face than the average segregation energy to the vacan-
cies. Thus the adsorption to the surface sites prevails in
all cases, except for the ”above the pore” state of H at
subsurface vacancies.
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FIG. 4: (color online) (a) Contour plots of the charge distribution for 4 H atoms segregated in the 4H-Vss cluster at (100)
Pd surface; 3 of 4 hydrogen atoms (blue balls) are close to octahedral sites, while 1 H atom is shifted above the surface plane,
forming a ”pore” state with enlarged binding energy (upper panel); also shown is the charge redistribution for this cluster
(lower panel). (b) Charge distribution in the plane of 1 H atom segregated to Pd (100) surface with z axis normal to the
surface; lower panel shows charge transfer from Pd to H atom. Charge distribution notations are as in Fig. 3.
At higher H pressure (when ES − µH2(P, T )/2 < 0)
the hydrogen atoms primarily fill the surface sites. For
θ → 1 the formation energies for nH-Vs and nH-Vss clus-
ters should be calculated taking into account the high
coverage of the Pd surface. The results of our calcula-
tions of the vacancy formation energies for the surface
and subsurface layers of Pd(100) and adsorption energies
for the slab surfaces at θ = 1 (using PBEsol functional)
are summarized in the Table VI. To eliminate possible ef-
fects of the electric dipole layer formation at the surface
we tested all configurations for the 8 hollow sites on one
surface of the slab occupied by H (starting with 8Hs-Vs
cluster, where subscript s indicates H at the surface) and
on both surfaces (i.e. 16Hs-Vs). The difference between
the results in these two cases for the vacancy formation
energies and the adsorption energies were negligible. It
corroborates with a small charge transfer to H atoms at
the surface, seen in Fig. 4. We have also found that for
nH-Vs clusters the filling of free surface sites by H does
not change considerably the positions of H and Pd atoms
surrounding the vacancy compared to Fig. 2. Moreover,
the adsorption energy per Hs atom is Ead=-0.5 eV for H
atoms at the surface hollow sites. I.e. it remains close to
the value for 1 Hs on the clean Pd(100) surface (Ead=-
0.47 eV). This result as well as our calculation for the
H adsorption energy at a 32-at slab without vacancies
agrees with the data of Ref. [52] but differs from some
previous reports of the reduction of this energy to Ead=-
0.3 eV [53] for Pd(111) surface with the increase of θ. The
experimental data [51] show a considerable decrease of
the apparent heat of the adsorption with coverage which
however was attributed by the authors to a variation of
the sticking probability of H to the surface.
The further filling of the bottom site by a H atom
to result in 5H-Vs cluster gives the adsorption energy
Ebot=-0.31 eV for this site which is close to the former
result for the 5H-Vs cluster at a clean Pd(100) surface.
Therefore the formation energy of 16Hs+1H-Vs cluster
on the H-covered surface is reduced by the Ebot value as
compared to the 16Hs-Vs formation energy. Note, that
this is almost half of the surface vacancy creation energy,
so that the reduction is sizable.
Now we consider the effect of the surface coverage on
the H adsorption to the nH-Vss clusters at Pd(100) sur-
face. First, our calculation showed that the vacancy for-
mation energy in the P(100) subsurface layer Ev = 1.2
eV is 0.05 eV lower for θ ≈ 1 then for for θ = 0 ap-
parently because of the filling of the pore site. It is still
0.15 eV lower than for the bulk vacancy. Calculated to-
tal adsorption energy atom for the 16Hs-Vss cluster at
the surface is Etot=-8.11 eV exceeding that for the clean
Pd surface. Note that one of Hs atoms is at the ”above
the pore” site. So, the adsorption energy for this site is
Epore=-0.61 eV, close to -0.62 eV for the clean surface.
At θ = 1 the subsurface vacancy still has 5 octa-sites
available for segregation. The segregation energies re-
main close to that for the nH-Vss clusters at the free
surface (with an average Eav=-0.3 eV). As before, the
bottom site has the smallest adsorption energy, and the
sites in the subsurface layer of 4H-Vss have higher energy,
Eav=-0.29 eV per H atom but the difference is small, see
Table VI. The pore site is now shared by the vacancy and
the surface hydrogen and therefore does not contribute
to the energy gain in H segregation. The calculated total
segregation energy Etot=-1.31 eV exceeds the subsurface
vacancy formation energy and should cause the increase
9TABLE VI: Adsorption energies (in eV) for H to nH-Vs and
nH-Vss clusters at Pd (100) surface and full coverage of the
surface by H atoms in the hollow positions. Presented are
vacancy creation energies, total adsorption energy for all H
atoms, and the total energy of adsorption for the H atoms seg-
regated to the vacancy in the cluster calculated using PBEsol
functional.
n positions Ev,s, Ev,ss Etot Et,vac
16 16Hs-Vs 0.72 -8.02 -
17 16Hs, 1H-Vs - -8.31 -0.31
16 16Hs-Vss 1.2 -8.11 -
17 16Hs, 1H-Vss - -8.39 -0.28
20 16Hs, 4H-Vss - -9.23 -1.12
21 16Hs, 5H-Vss - -9.42 -1.31
of the nH-Vss cluster concentration at equilibrium.
We have also studied the possibility of hydrogen
molecule adsorption to the surface and subsurface vacan-
cies, which can be facilitated at high ambient pressure.
We have calculated energies nH-Vs nH-Vss clusters in
which a pair of H atoms were at the initial distance close
to the distance in the H2 molecule allowing relaxation to
the ground state. We have found that in these clusters
the H2 molecule dissociates and atoms find their place in
their preferable sites. We have also found that in case of
the high H coverage the excessive H atom in the vacancy
is forced to the nearest bridge site at the surface. Similar
effect was reported in modeling adsorption to the free Pd
surface [52].
IV. DISCUSSION
The distinct features of H segregation to surface and
subsurface vacancies in Pd can be interpreted as a re-
sult of the effects of the short-range H interaction with
the Pd electronic cloud and also the elastic surface relax-
ation effects. The configuration of H atoms at the (100)
surface manifests a competition between segregation to
the surface and segregation to a vacancy, which results in
large shifts of the segregated H atoms from the vacancy
site with the opposite shifts of Pd atoms. In all nH-Vi
clusters an average segregation energy per atom steadily
decreases with the number of segregated H atoms.
The large difference between the formation energies
for the vacancies at the surface, subsurface layers and
the bulk suggests higher filling of the surface and subsur-
face layers with vacancies and also the variation of this
concentration with the H adsorption. At low coverages
and low H concentration in the Pd bulk the surface and
subsurface vacancies may act as the centers of H capture
that alter the kinetics of H adsorption-desorption and H
diffusion in the Pd bulk.
At high θ → 1 due to the H segregation to avail-
able bottom site the concentration of 1H-Vs clusters
varies with the enthalpy of the formation of the defects,
Hf = Es+Ebot−µH2(P, T )/2. The exponential increase
of the vacancy concentration due H segregation and ac-
cumulation of 1H-Vs clusters starts at the hydrogen pres-
sure for which Ebot − µH2(P, T )/2 ≤ 0. Even at the high
H pressure, when µH2(P, T ) > 0 the formation enthalpy
Hf > 0 and the concentration increase is moderate. The
reason is that the segregation sites surrounding the va-
cancy are shared with the surface hollow sites and no
additional H sites are available for segregation.
More important is the effect of ambient pressure on
the concentration of the nH-Vss clusters. There are addi-
tional (to the above the pore) 5 sites available for segrega-
tion, and the calculated formation energy for the 5H-Vss
cluster is negative, Ef = Ev + Etot=-0.12 eV. The clus-
ter formation enthalpy Hf = Ess+5(Eav−µH2(P, T )/2)
starts to drop down at Eav − µH2(P, T )/2 ≤ 0, i.e. al-
most at the same pressure as in case of surface vacancy
cluster.
The increase in the cluster concentration at T0=300 K
and P0 =1 bar due to the H segregation can be estimated
as cn/c0 = exp
{− n[Eav − µH2(P0, T0)/2]/kBT}, where
c0 is the surface/subsurface vacancy concentration in the
pure Pd. For Eav = −0.3 eV it gives c1/c0 ≈ 320 and
c5/c0 ≈ 3.3 × 1012. Thus, segregation should promote
accumulation of 5H-Vss clusters in the subsurface layer.
Note that the estimation of the increase does not rely on
the low accuracy evaluation of the vacancy formation en-
ergy. The steep decrease of 5H-Vss cluster formation en-
thalpy can result in instability of the system against the
increase of the cluster concentration at the equilibrium
P when Hf (P, T ) = 0. The increase in the concentration
will be limited by the interaction between the clusters
and competition with possible formation of an ordered
hydride-vacancy phase[19]. More accurate estimation of
the cluster concentration should take into account the
cluster formation volume and the configuration entropy.
The same conclusions can be drawn for the nH-Vs and
nH-Vss clusters at Pd (111) surface at θ → 1: the H seg-
regation to the tetrahedral subsurface sites of the surface
vacancy eliminates the adsorption to the surface sites,
while it does not affect segregation to the nH-Vss clus-
ter. The detailed analysis for this case is more compli-
cated because of more strong dependence of the surface
adsorption energy on θ.
Similar mechanism is responsible for the increase of
the vacancy cluster concentration in the bulk. As shown
above the the threshold H pressure for the increase of
the nH-Vi cluster concentration is defined by E
i
av −
µH2(P, T )/2 = 0 and it varies between the dominating
for a given i = s, ss, n clusters in a narrow range. More
important for the value of enthalpy Hf above the thresh-
old is the is the vacancy formation energy without H
segregation. Therefore accumulation of nH-Vss clusters
should prevail at these pressures.
One can compare the H segregation in Pd with H ad-
sorption to vacancies in Ni, the other fcc metal that ex-
hibits SAV state formation [18]. The adsorption energies
to the surface are very close for both metals [6], though
the vacancy formation energy is higher in Ni (1.74 eV).
The solubility of H is much higher in Pd, which in part
is the result of the larger sizes of octa- and tetra-pores
[54]. The electronic charge redistribution accompany-
ing H adsorption in Pd is much weaker than in nH-V
and nH-V2 clusters in nickel [49, 50]. However in spite
of seemingly much stronger Coulomb repulsion between
the segregated H atoms, the average binding energy per
atom for these clusters in Ni remains the same for n=1-6
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while in Pd it steadily decreases with n. This should be
attributed to much stronger effects of lattice relaxation
in Pd, clearly evident in the nH-Vs clusters at the (100)
surface. Apparently, it is the result of larger (for Pd)
lattice constant, smaller cohesive energy and larger bulk
modulus.
The other common feature in both metals is an al-
most doubled binding energy for H segregation to diva-
cancies [7, 49, 56]. It is observed experimentally and is
attributed to the H segregation to octahedral sites in di-
vacancies ”shared” between them (having both vacancy
sites as the nearest neighbors). The origin of the higher
segregation energy is lower coordination number for the
segregated H atom. Similar effect is found here for the
H segregation to a pore state at the subsurface vacancy.
Further comparison of the properties of surface and sub-
surface vacancies in Pd allows us to predict the above the
pore adsorption sites for Ni which should have enlarged
binding energy.
The common feature of all fcc metals is stronger bind-
ing of the adsorbed H to the surface than to vacancies
[7]. In addition, the adsorption energy of a single H atom
to a vacancy never overcomes the surface vacancy forma-
tion energy. Therefore, because of sharing the segrega-
tion sites the surface layer will not be damaged by the
excessive formation of nH-Vs clusters. However there
are 5 available free sites for segregation at the subsurface
vacancy for (100) surface vacancy and 6 for the (111)
subsurface vacancy (see Table III) at the H-covered sur-
face. The subsurface vacancy formation energy is smaller
and the segregation energy is at least the same as in the
bulk. Therefore the accumulation of nH-Vss clusters in
the subsurface layer should be the common feature for
all metals in which the SAV phase is observed.
The barrier for H diffusion from surface to subsurface
layers in Pd is known to be about 0.4-0.5 eV [6, 55], al-
most 2 times higher than the diffusion activation energy
in the bulk. The barriers for H atoms segregated in dif-
ferent sites at the surface is quite low, lower than 0.1 eV
and the barrier for escaping from the subsurface vacancy
into the bulk is less than from the surface. Therefore the
nH-Vs and nH-Vss clusters can alter kinetics of Pd charg-
ing with H. This conclusion is in line with experimental
findings in electrochemical charging of Pd, accelerated
when the surface vacancies are created at a high charg-
ing current and in H-Pd codeposition which produces a
very high effective H pressure [11].
Vacancy formation in Pd bulk is known to be prompted
by heating to high temperatures or by a rapid cooling.
They can also be generated by mechanical and electro-
chemical treatments. In view of a high formation energy,
the thermal activation of vacancies in the bulk with sub-
sequent segregation of H atoms is an extremely slow pro-
cess that cannot account for a SAV state formation and
further ordering into a vacancy-rich Pd hydride phase.
The formation energy of a vacancy in the surface or the
subsurface layers is more effective because of the smaller
formation energy. In the ambient H2 atmosphere the
high concentration of surface hydrogen with much higher
surface diffusion rates can promote formation of nH-Vs
and nH-Vssclusters which can facilitate the SAV state
formation.
V. CONCLUSIONS
We have studied the H segregation at the surface and
subsurface vacancies at (111) and (100) surfaces of Pd
using DFT calculations. The highest hydrogen adsorp-
tion energy to the cluster (-0.72 eV PBE, -0.62 PBEsol)
is found for a pore state above the subsurface vacancy
Vss in (100) plane. The high absorption energy for this
state manifests itself for all nH-Vss clusters with one of
the H atoms bound to the pore site. The binding energy
remains high for up to 6 segregated H atoms. Enlarged
binding energy is also found for the ”pore” state above
the subsurface vacancy at the Pd (111) surface. For other
configurations the binding energy is close to that of the
bulk. At high initial surface coverage by H the compe-
tition between the surface adsorption and adsorption to
nH-Vs cluster limits the energy gain in H segregation, but
does not affect segregation to nH-Vss clusters, resulting
in a negative formation energy for nH-Vss clusters with
n ≥ 4. Accumulation of the nH-Vss clusters should pre-
cede the formation of the superabundant vacancy phase.
The authors are grateful to Paul Maye for valuable
discussions and for helpful remarks to the text.
Supplemental Material
We have calculated the whole set of bulk parameters
of Pd: the fcc lattice parameter, the cohesive energy, the
bulk modulus, and the bulk vacancy formation energy, for
LDA (PZ), GGA (PBE) and GGA (PBEsol) exchange-
correlation functionals using the Quantum Espresso (QE)
code and ultrasoft pseudopotentials available in QE li-
brary.
The bulk vacancy formation energy was calculated us-
ing the formula
Ef (N) = Et(N − 1)− N − 1
N
Et(N) (1.S)
where Et(N − 1) is the ground state total energy of a N -
site supercell with N − 1 Pd atoms and a vacancy, and
Et(N) is the energy for the pure Pd N -atom supercell.
The results of the QE calculations and also the exper-
imental results from Refs. [1, 48, 57] and the calculation
results of [7, 13, 39, 40, 58] are summarized in Table 1.S.
Tables with results of the other previous calculations can
be found in e.g., [7]. Results for a vacancy formation en-
ergy were obtained with the 31-at supercell and checked
with the 107-at supercell. For fully relaxed lattice the
formation energy is ≈ 10 meV lower for a larger cell,
which gives the estimate of concentration effects.
The results for the lattice constant are much less sensi-
tive to the choice of the exchange-correlation functional
than the other parameters, especially the cohesive en-
ergy, and the elastic constant. The experimental data
for the vacancy formation energy have a large spread,
and were obtained by different experimental techniques
(specific heat, resistivity and positron annihilation mea-
surements). The available results of numerous calcula-
tions using the same functionals also have some spread,
caused by the differences in the pseudopotentials and in
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TABLE 1.S: Bulk properties of Pd: Comparison of the available ab-initio calculation and experimental results.
a, a.u. (A˚) B, GPa Ecoh, eV Evac eV Ref.
Exp 3.88 180 (195) 3.89 (3.94) 1.51, 1.7, 1.85 [1, 48, 57]
QE GGA (PBE) 3.93 198.8 3.79 1.2
QE GGA (PBE-sol) 3.87 192 4.41 1.34
QE LDA (PZ) 3.84 205 4.93 1.44
VASP, GGA (PBE) 3.94 (3.96) 169.4 3.69 (3.74) 1.19 (1.23) [7, 39, 58]
VASP GGA (PBE-sol) 3.93 (3.87) 186.0 (205) 4.04 (4.47) 1.45 [39, 58]
VASP, LDA 3.86 206 (226) 5.06 (5.96) 1.48 [7, 13, 58]
VASP, meta-GGA, TPSS (revTPSS) 3.89 (3.88) 195 (206) 3.98 (4.4) - (1.71) [39],([40])
the sets of the calculation parameters. In the Table, pre-
sented are lower and upper bounds.
One can see that the results obtained with TTPS func-
tional match well with the experimental results making
it the best choice. However the TTPS functional (and
also its other versions like revTTPS) is not yet imple-
mented in most of the solid state DFT codes except for
VASP. The other problem is the convergence of the cal-
culations with TTPS, which is known to be more difficult
to achieve, especially for large supercells with low sym-
metry. The PBEsol functional gives the improved results
compared to PBE or PZ functionals, and has no prob-
lems with the convergence. Hence it is the second best
choice.
The surface energy per one atom at the surface for dif-
ferently oriented slabs was evaluated for a periodic struc-
ture with a vacuum layer as
Esurf =
1
2Ns
[Eslab(Nsc)−NscEcry,p.a] (2.S)
Here Ns is the number of atoms on one surface of a slab
calculated using a supercell with Nsc atoms in it, Ecry,p.a
is the total energy per one atom in a bulk crystal calcu-
lated with exactly the same set of all parameters. The
vacancy formation energy for the slab is calculated by
Evac,i = [Eslab,i(Nsc − 1)−Eslab(Nsc) +Ecry,p.a] (3.S)
Here index i = s, ss for the surface and subsurface layer
vacancies.
The cut-off energies and the convergence threshold
were chosen to achieve the bulk energy per atom scaling
accuracy 2 meV when going from 4-at to 27-at, 32-at,
and further to 108-at supercell, (similar to Refs. [7, 43]).
Therefore the accuracy of the energy calculation for the
36-atom supercell of the Pd(111) slab is about 70 meV
in case of the total lattice relaxation (zero residual stress
and forces per atom). Using larger supercells results in a
decrease of accuracy, together with a much larger calcu-
lation time. Smaller supercells will result in the increased
interaction between the clusters. The accuracy in calcu-
lating the differences in energies should be ±140 meV.
Expecting partial compensation of the regular variations
in the differences of the total energy values one can esti-
mate the calculation accuracy of about 0.1 eV.
For calculation of Zero Point Energy (ZPE) correc-
tions through the vibrational frequencies of the intersi-
tials and segregated to vacancy H atoms we used available
PHonon module of Quantum Espresso distribution. To
reduce the size of dynamic matrix, we have calculated
the phonon energies using small atomic clusters, e.g., 4-
at (for H atom at the fcc hollow site at the Pd (111)
surface) and 5-at supercell (for H interstitial) in the oc-
tahedral site (1/2,1/2,1/2) and tetrahedral (1/4,1/4,1/4)
site with adjusted lattice parameter. The low-frequency
vibrations with frequencies below 300 cm−1 were inter-
preted as crystal vibrations. Triple-degenerate highest
frequency was interpreted as the frequency of H local vi-
brations and were used to calculate zero-point energies
of hydrogen vibration. This approach is justified by the
fact that H local vibrations are highly localized. The
vibration energies are 0.136 eV for the surface, 0.15 eV
for octa and 0.18 eV for tetra-sites. The obtained values
appeared to be close to these calculated with “frozen Pd
lattice” in [54]. Large-size supercell with H2 molecule
was used to calculate ZPE for H2, EZPE,H2= 130 meV
per atom.
In Fig. 1.S the redistribution of the charge density
δρ = ρNi+H − ρNi − ρH around the interstitial H atom
at octa-site of Ni lattice is depicted. The net transfer
of the electron charge from Ni to H seen in in Fig. 1.S
is much larger than that for any site in Pd. In Ni it is
accompanied by the depletion of adjacent Ni dz2 orbitals
and results in a weak ionic Ni-H interaction.
FIG. 1.S: Charge transfer for H interstitial in octa-site of Ni.
Blue contours indicate the electron charge depletion, pink and
red indicate charge accumulation. Charge density contours
are drawn from -0.1, to 0.1 with the interval of 0.01 atomic
unuts (6.748 electrons/A˚3).
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